innate process independent of visual activity. However, environment fail to maintain appropriate synaptic conHubel and Wiesel also showed a dramatic effect of visual nections and disappear. Overexpression of the inward activity on the ocular dominance map most marked durrectifying potassium channel, Kir2.1, diminishes the ing a "critical period" of postnatal development. The excitability of sensory neurons and more severely distemporary closure of one eye results in sharp decreases rupts the formation of an olfactory map. These studies in the number of cortical neurons responding to the suggest that spontaneous neural activity is required once-deprived eye and a coordinate expansion in the for the establishment and maintenance of the precise response to the unperturbed eye ( the patterns of olfactory neuron convergence in the bulb.
The identification of genetic determinants of guid-
We have used gene targeting in ES cells to generate ance, however, does not preclude the contribution of strains of mice in which the entire population of sensory activity-dependent processes in the formation of a toponeurons express a variant of the transcriptional activagraphic map. In one model, the correlated firing of olfactor, tTA (Gossen and Bujard, 1992). We have introduced tory neurons could play an instructive role in the estabthe tTA gene in 3Ј untranslated DNA flanking the OMP lishment of a sensory map. The excitation of like axons gene (OMP-IRES-tTA) such that its translation is diproducing a correlated pattern of neural activity requires rected by an internal ribosome entry site (IRES) (Gogos odorant-evoked excitation of sensory neurons. Mice et al., 2000) . OMP is specifically expressed in all sensory lacking functional olfactory cyclic nucleotide-gated neurons in the main olfactory epithelium (Farbman and channels fail to exhibit odorant-evoked responses to a Margolis, 1980). Cells that activate OMP gene transcripwide range of odorant stimuli (Brunet et al., 1996) . In tion will now express a bicistronic RNA encoding both these mice, the convergence of like axons to the olfac-OMP and tTA ( Figure 1A ). tory bulb onto spatially invariant glomeruli is only subtly
We also generated transgenic mouse lines that experturbed, suggesting that correlated presynaptic neupress either tetanus toxin light chain ( In initial experiments, we analyzed the consequences of does not perturb the development or maintenance of TeTxLC expression in compound heterozygotes bearing the sensory map. In contrast, inhibition of synaptic rethe OMP-IRES-tTA and tet o -TeTxLC-IRES-tau-lacZ allease in a small subpopulation of neurons expressing leles. One transgenic line generated compound heterothe P2 receptor results in correct targeting during develzygotes that exhibit robust expression of both TeTxLC opment, but the P2 glomerulus is not maintained, and and tau-lacZ in 70% of the olfactory neurons ( Figure  P2 neurons ultimately diminish. Thus, in a competitive 1B). In situ hybridization with antisense RNA probes to scenario, neurons that fail to release neurotransmitter tetanus toxin light chain revealed expression only in target correctly but fail to maintain stable synaptic conneurons in the olfactory epithelum ( Figure 1B) Figure 1B) . In control olfactory bulbs, aptic release or conditional hyperpolarization of olfac-VAMP2 immunoreactivity is observed in glomerular tory sensory neurons, allowing an examination of the structures as well as in the internal plexiform layers and contribution of presynaptic neural activity to the establishment of a topographic map.
granule cell layers, consistent with its localization within The expression of tTA under the control of the OMP from neighboring mitral cells rather than from sensory promoter assures that most of the olfactory sensory termini (Figures 1Ca and 1Cb ).
neurons will express TeTxLC. Under these noncompetiWe also used FM1-43, a fluorescent indicator of vesitive conditions, there is no apparent perturbation in the cle reuptake (Pyle et al., 1999) , to examine the effect of sensory map. We also established a situation where only TeTxLC on synaptic release (Figures 1Cc and 1Cd) . High a subpopulation of neurons expressing the P2 receptor concentration of external potassium induces massive are defective in synaptic release in a background in release of vesicles, which in turn stimulates vesicle reupwhich all other sensory neurons are wild-type. We extake by endocytosis. When the lipophilic dye FM1-43 is ploited a mouse strain that we constructed previously present during evoked transmitter release, subsequent that is homozygous for a P2-IRES-rtTA allele ( However, occasional stray fibers are observed that fail ability to maintain stable synapses is followed by a dramatic diminution in cell numbers. This phenotype is not to project to the topographically fixed P2 glomerulus. Between days P3 and P10, an increasing number of observed under noncompetitive conditions in the majority of the neurons expressing TeTxLC. Under these conaxons are observed that fail to converge on the P2 glomerulus, and by day P21, fibers with aberrant trajectoditions, axon targeting is normal, the glomerular structure is stable, and there is no obvious diminution in ries are visible over the entire medial surface of the bulb, many navigating past the P2 glomerulus toward the poscell numbers. terior pins of the bulb. This pattern is in sharp contrast with observations in control mice, in which axons from
A Conditional Silencing of Olfactory Neurons
We have also examined the consequence of hyperpolar-P2 neurons exhibit strict convergence on one or two medial glomeruli with no stray fibers evident ( Figure 3B) . izing the sensory neurons, a process which should inhibit both odor-evoked and spontaneous action poThus, the expression of TeTxLC in a small subpopulation of P2 neurons results in an appropriate convergence on tentials. We have generated mice in which the gene encoding the inward rectifying potassium channel, a glomerular target, but this is transient, and the axons begin to stray early in postnatal life and ultimately proKir2.1, was placed under the control of a tTA-dependent promoter. Previous studies have employed the overexject to multiple inappropriate targets. A diminution in the number of P2 fibers expressing TeTxLC and taupression of both the delayed rectifier and the inward rectifying potassium channels, which results in a signifilacZ becomes apparent at 3 weeks, and by 6 weeks of age few tau-lacZ ϩ fibers persist ( Figure 3A) . Two experimental approaches demonstrate that the expression of the inward rectifying potassium channel, tetanus toxin light chain begin to stray from the preformed P2 glomerulus and migrate randomly within 2 Kir2.1, dramatically inhibits the spiking activity of olfactory sensory neurons. First, we have performed extraceldays after induction. These aberrant migrations presumably result from the dissolution of preexisting synaptic lular recordings in slices of sensory epithelium that demonstrate a Ͼ20-fold diminution in the frequency of connections and inappropriate axon wandering. After 2 weeks of doxycycline exposure, cells expressing the spontaneous action potentials in Kir2.1-expressing mice when compared to control animals ( Figure 4C ). We have TeTxLC and tau-lacZ transgenes are significantly reduced in number, and after 4 weeks only a rare lacZ ϩ also exploited the observation that the level of tyrosine hydroxylase activity by periglomerular cells reflects the cell is observed in the epithelium. These data indicate that, under competitive conditions, the P2 population level of synaptic activity of the presynaptic sensory neurons ( Figure 4D ). In mice expressing Kir2.1, the glomeruli of sensory neurons defective in synaptic release project to an appropriate glomerular locus. However, this conare surrounded by only sparse TH-labeled neurons, which display a reduction in TH activity. Although Kir2.1-vergent synaptic structure is transient, and these neurons fail to maintain synaptic connections, migrating expressing cells exhibit diminished neural excitability, other markers of cell function appear normal. We have inappropriately throughout the olfactory bulb. The in- performed electroolfactogram (EOG) recordings from significant innervation is not observed until P11 ( Figures  5A and 5B ). Even at this stage of development of the the surface of the sensory epithelium that measure local dendritic field potentials generated by odor stimulation. sensory map, the posterior dorsal part of the bulb, the site of formation of the necklace glomeruli, remains only These recordings indicate that the dendritic response to a variety of odors, a response that is independent of sparsely innervated. By P21, the level of innervation of transgenic animals approaches that of wild-type mice. the generation of action potentials, is comparable in Kir2.1-transgenic and wild-type animals ( Figure 4E ). The However, we observe a persistent defect in the organization of glomeruli in the dorsal part of the olfactory bulb synaptic vesicle components also appear unperturbed at sensory termini in these transgenic mice. Immunothat is maintained in adult mice. The dorsal bulb remains thinly innervated, the necklace glomeruli are absent, and chemistry reveals that the levels of two presynaptic proteins, VAMP2 and synapsin, are comparable in control axons that enter this region of the bulb appear to coalesce and form giant glomerulus-like structures never and transgenic animals ( Figures 4F and 4G) . Thus, the expression of Kir2.1 in olfactory sensory neurons siobserved in control animals ( Figure 5E ). These developmental defects are also readily apparlences the cell without other signs of neural toxicity. ent upon analysis of sections through the bulb of wildtype and transgenic mice ( Figures 5C and 5D (G) Distribution of synapsin (Gp and Gs) detected by antibodies to synapsin (green) in olfactory bulb sections of Kir2.1-expressing mice (Gs-Gu) and wild-type controls (Gp-Gr). Kir2.1-and tau-lacZ-expressing fibers were labeled with an antibody against ␤-gal (red) (Gt), and nuclei were labeled with TOTO-3 (blue) (Gp-Gu).
is apparent by P12, but the number of glomeruli formed

Silencing of Neurons Perturbs the Sensory Map
We next examined the precision of targeting of specific is far less than observed in wild-type animals. In adults, the glomeruli in Kir2.1 transgenics appear grossly norolfactory sensory neurons in mice expressing Kir2.1 globally in the olfactory epithelium ( Figure 6 ). Compound mal, with perhaps a slight reduction in glomerular number. Thus, the expression of Kir2.1 silences sensory neuheterozygotes containing an OMP-IRES-tTA allele and the tet o -Kir2.1-IRES-tau-lacZ transgene were crossed rons and results in a significant delay in the innervation of the olfactory bulb, with a profound and persistent with mice homozygous for the P2-IRES-GFP allele. In transgenic animals expressing Kir2.1 at P1, the P2 axons alteration in glomerular morphology in the dorsal aspect of the bulb.
are diffusely distributed, and those that enter the bulb sparsely innervate multiple glomeruli in the ventral asexpressing neurons project axons to two to three, rather than to a single lateral glomerulus observed in control pect of the bulb (Figures 6A and 6B ). This diffuse pattern of projections becomes even more apparent as postnaanimals ( Figure 6D ). Of 32 lateral MOR28 targets examined, 75% revealed convergence on two or three glomertal development proceeds, and by P21, P2-expressing neurons innervate an average of 16 medial glomeruli, uli, whereas only 1 of 28 MOR28 targets examined exhibited convergence on two glomeruli in control mice. as opposed to the one medial P2 glomerulus observed in 26 control olfactory bulbs. Projections to multiple Interestingly, the medial MOR28 fibers converge on a single glomerulus in both Kir2.1-transgenic and control glomeruli are also observed for neurons expressing MOR23, which innervate the dorsal aspect of the bulb animals ( Figure 6C) . Thus, the expression of Kir2.1 broadly in the olfactory sensory neurons results in tar-( Figure 6E) .
A similar, but less dramatic phenotype is observed geting defects whose severity differs for different subpopulations of neurons. for the subpopulation of neurons expressing the MOR28 receptor. In wild-type animals, neurons expressing the
MOR28-IRES-GFP allele project to one medial and one
Silencing P2 Neurons in a Competitive Environment When neural activity is suppressed in the majority of lateral glomerulus that reside in the most ventral region of the olfactory bulb. In Kir2.1-transgenic mice, MOR28-neurons within the sensory epithelium, axons exhibit tions, Kir2.1 is not expressed, and the sensory map subpopulation of P2 neurons. Under these competitive conditions, most P2 neurons fail to enter the bulb, and should develop normally. P21 mice, immediately postweaning, were fed doxycycline to induce the expression those rare fibers that succeed fail to converge to form a P2 glomerulus. If a glomerulus is allowed to form under of Kir2.1 and tau-lacZ. After 10 days of exposure to doxycycline, tau-lacZ is observed in P2 neurons, and control conditions, activation of the Kir2.1 transgene and the persistent suppression of neural activity result their axons converge on a single glomerulus in an olfactory bulb ( Figure 7C ). After 40 days of doxycycline and in destabilization of the glomerular structure and the disappearance of the P2 neurons. Kir2.1 expression, convergence on a P2 glomerulus is no longer evident. Only rare stray fibers are observed that stain for tau-lacZ, suggesting that the suppression Discussion of neural activity in neurons that converge onto an already formed glomerulus destabilizes the synaptic Neural circuits must exhibit activity-dependent plasticity to allow the organism to respond to a changing environstructure and causes these cells to disappear. Thus, Kir2.1-mediated silencing of neural activity results in a ment. The observation that experience shapes the character of specific neural connections immediately poses more profound axon phenotype when restricted to the the question as to the role of neural activity in the estabrectifying K ϩ channel, Kir2.1. Expression of Kir2.1 in the majority of olfactory neurons causes a delay in axon lishment of neural circuits during development. The contribution of activity dependence to the development of entry and a gross disorganization of the dorsal collection of glomeruli. Different subpopulations of neurons are neural circuits is complex and may benefit from deconstruction. One important distinction surrounds the quesdisturbed in different ways. P2 and MOR23 neurons do not converge on a single glomerulus, as do wild-type tion as to how much of the circuitry is governed by developmentally programmed mechanisms, such as the neurons; rather they innervate multiple (12 to 16) glomeruli sparsely in the bulb. MOR28 neurons consistently timing of axon growth and the recognition of guidance molecules, and to what extent these deterministic proinnervate two or three rather than a single lateral glomerulus observed in control animals. These data suggest a cesses are dependent on neural activity. Sensory neurons can exhibit activity independent of sensory input, requirement for neural firing for the appropriate timing of axon outgrowth and the precision of axon targeting. and we must therefore ask whether activity-dependent events result from spontaneous or experience-evoked Spike activity in sensory neurons might be required for the appropriate action of extrinsic factors, perhaps firing. Both of these forms of neural activity may either be correlated or noncorrelated, adding yet another paby creating an appropriate milieu within sensory neurons to allow the correct developmental program to unfold. rameter to the complexities of activity-dependent processes. Finally, activity may be permissive or instructive.
Previous work demonstrates that electrical activity dramatically enhances the effects of trophic factors on axon It may merely be required to allow for changes in a circuit or it may direct the establishment and reorganization of growth in retinal ganglion cells ( Inhibition of synaptic release by TeTxLC in subpopulations of neurons expressing a given receptor allows the These data argue that olfactory experience is not required for the establishment of precise patterns of afferinitial convergence of fibers to an appropriate glomerulus. However, this glomerular aggregate of like axons is ent innervation in the olfactory bulb. Since it is difficult to envisage a mechanism to correlate the activity of not stable; fibers begin to stray, and by 3 weeks these neurons are no longer present in the epithelium. Thus, randomly distributed neurons expressing the same receptor without odor-evoked stimulation of receptors, under competitive conditions, neurons that are deficient in synaptic release fail to maintain stable synapses, and these data further imply that correlated neural activity is not required for the generation of the olfactory sensory the number of LacZϩ "inactive" cells diminishes dramatically. Expression of Kir2.1 in a subpopulation of P2 map. These results are consistent with the observation that mice deficient in the olfactory-specific G protein, neurons results in the failure of olfactory neurons to cross the cribriform plate, and by 3 weeks these neurons G olf , also exhibit normal patterns of olfactory neural convergence in the olfactory bulb (Belluscio et al., 1998) .
are no longer present in the sensory epithelium. If P2 neurons are allowed to develop normally and form a These experiments were performed under conditions in which odor-evoked activity is inhibited in the entire glomerular structure and either Kir2.1 or TeTxLC is then induced in the P2 cells, the synaptic structure is not population of sensory neurons. These data, therefore, do not exclude a role for sensory activity under competimaintained, the axons stray, and these neurons again appear to die. Under these experimental conditions, we tive conditions in the generation and maintenance of the map. Moreover, these experiments do not address observe that neurons expressing a given receptor are no longer evident within the epithelium by 2-3 weeks. the possibility that spontaneous, noncorrelated activity or neurotransmitter release may be required for the esOne interpretation of these findings is that inactive neurons fail to survive. An alternative explanation that is tablishment or maintenance of a spatial map.
Our current studies employ a genetic strategy to either consistent with recent data is that these neurons extinguish P2 gene expression and switch to transcribe a conditionally suppress synaptic release or inhibit action potentials in both a noncompetitive and competitive en- 
Generation of Transgenic Mice and Mice
A more complex role for activity has been described amacrine cells, disruption of these correlated waves
